Phytoplankton pigments constitute many more compounds than chlorophyll a that can be applied to study phytoplankton diversity, populations, and primary production. In this study, field measurements were applied to develop ocean color satellite algorithms of phytoplankton pigments from in-water radiometry measurements. The match-up comparisons showed that the satellite-derived pigments from our algorithms agree reasonably well (e.g. 30-55% of uncertainty for SeaWiFS and 37-50% for MODIS-Aqua) to field data, with better agreement (e.g. 30-38% of uncertainty for SeaWiFS and 39-44% for MODIS-Aqua) for pigments abundant in diatoms. The seasonal and spatial variations of satellite-derived phytoplankton biomarker pigments, such as fucoxanthin, which is abundant in diatoms, peridinin, which is found only in peridinincontaining dinoflagellates, and zeaxanthin, which is primarily from cyanobacteria in coastal waters, revealed that higher densities of diatoms are more likely to occur on the inner shelf and during winter-spring and obscure other abundant phytoplankton groups. However, relatively higher densities of other phytoplankton, such as dinoflagellates and cyanobacteria, are likely to occur on the mid-to outer-continental shelf and during summer. Seasonal variation of riverine discharge may play an important role in stimulating algal blooms, in particular diatoms, while higher abundances of cyanobacteria coincide with warmer water temperatures and lower nutrient concentrations.
Introduction
One of the primary objectives of satellite ocean color remote sensing is to retrieve the distribution of phytoplankton pigment concentrations, and therefore phytoplankton biomass and primary production (PP) (IOCCG, 1999 (IOCCG, , 2000 McClain, 2009 ). The present PP models are typically based on the estimation of chlorophyll a concentration ([Chl_a]), along with physical parameters such as sea-surface temperature (SST) and photosynthetically available radiation (PAR) (Behrenfeld & Falkowski, 1997; Behrenfeld et al., 2005; Marra et al., 2003 Marra et al., , 2007 . Such PP models assume that phytoplankton capability to capture light can be represented by [Chl_a] without considering the variability of the phytoplankton composition. Other chlorophyll (e.g. chlorophyll b and c) and photosynthetic carotenoid pigments (PSC; e.g. fucoxanthin and peridinin), however, can also capture light, and their relative concentrations to [Chl_a] vary among phytoplankton species (Jeffrey et al., 1997; Mackey et al., 1996) . Chlorophyll b (Chl_b) and peridinin (Perid), for example, do not exist in diatoms but in green algae (e.g. prasinophytes and chlorophytes) and dinoflagellates, respectively (Jeffrey et al., 1997; Mackey et al., 1996) . The presence of photoprotective carotenoid pigments (PPC; e.g. diadinoxanthin, diatoxanthin, and zeaxanthin) may further decrease the proportion of PAR utilized for primary production (Marra et al., 2000; Sathyendranath et al., 1996; Sosik & Mitchell, 1995) . Detailed knowledge of phytoplankton pigment composition, thus, may improve current PP models (Uitz et al., 2009) . Information on phytoplankton pigment composition may also improve our understanding of algal biodiversity and taxonomic composition through appropriate chemotaxonomic analysis (e.g. CHEMTAX; Mackey et al., 1996) , which in turn improves our understanding of the impacts of climate change and pollution on ocean ecosystems. In addition, some pigments are relatively unique biomarkers for certain phytoplankton in coastal waters, e.g. alloxanthin in cryptophytes, peridinin in peridinincontaining dinoflagellates, and zeaxanthin primarily from cyanobacteria in coastal waters (Jeffrey et al., 1997; Mackey et al., 1996) . The study of phytoplankton pigment distributions can provide a useful analytical tool to monitor algal blooms if the seasonal and regional relationships between taxa-specific pigments and cell counts can be well understood. For example, the notorious dinoflagellate bloom of Alexandrium fundyense, which is thought to have caused a serious paralytic shellfish poisoning (PSP) threat in southern New England in the United States (U.S.) (Anderson et al., 2005) , may be detected through peridinin concentration retrieved from satellites if the cellular peridinin concentration is known.
Satellite remote sensing constitutes a valuable tool to study biogeochemical processes, especially within dynamic coastal waters, as compared with traditional ship surveys (IOCCG, 1999 (IOCCG, , 2000 McClain, 2009) . Although satellite sensors do not measure pigments directly, empirical or semi-analytical models can be applied to derive them from satellite observations of ocean water-leaving radiances (Carder et al., 1991; Garver & Siegel, 1997; Lee & Carder, 2004; Maritorena et al., 2002; O'Reilly et al., , 2000 Sathyendranath et al., 1994; Smyth et al., 2002) . Present pigment algorithms focus almost exclusively on Chl_a (e.g. OC4V4 and OC3M algorithms) (O'Reilly et al., , 2000 . Such algorithms were derived from data collected primarily in oceanic waters, and validation studies for optically complex inner shelf waters (Case 2) are sparse (e.g. Magnuson et al., 2004; Pan et al., 2008) .
Empirical algorithms were developed in this paper from nearly coincident collection of field remote sensing reflectance (R rs ) data and samples for phytoplankton pigment distributions along the U.S. northeast coast (Fig. 1) . This region covers a wide range of water types, including the Gulf Stream, the optically complex Middle Atlantic Bight (MAB), which is significantly influenced by freshwater outflow from the Chesapeake and Delaware Bays and Hudson-Raritan Rivers, and the Gulf of Maine (GoM), which is influenced by direct riverine inputs as well as the Scotian shelf/slope water (O'Reilly & Zetlin, 1998) . The bio-optical properties in this region represent both typical Case 1 and Case 2 waters. The seasonal variation of phytoplankton species composition is apparent for this study region. Diatom blooms are common during winter-spring and possibly during fall, while blooms of dinoflagellates, chrysophytes, and cyanobacteria can occur during summer off New England, within the New York Bight, and the southern MAB sub-regions, respectively (ECOHAB, 1994) . The relative pigment composition consequently varies seasonally and spatially in this region, which presents a challenge for studying phytoplankton pigment distributions from space. The objectives of this study are (1) to develop algorithms for the distributions of individual phytoplankton pigments in the U. S. northeast coast and validate the algorithms with satellite data within a reasonable uncertainty (e.g. ±35% of errors); and (2) to evaluate the seasonal and spatial variability of phytoplankton pigment distributions and the possible factors that produce these distributions.
Materials and methods

Field experiments
This study focused on the U.S. northeast coast with longitude and latitude limited to −77°W to −65°W and 35°N to 45°N, respectively ( Fig. 1) . Sub-areas including the Gulf of Maine (GoM; latitude N 41.65°N), the New York Bight (NYB; latitude between 39.5°N and 41.65°N), and the southern Middle Atlantic Bight (SMAB; latitude b 39.5°N) were demarcated for descriptive convenience (Fig. 1) . Multiple cruises were conducted in this region from 2004 to 2007, as shown in detail in Table 1 .
Pigment measurements
Methods for pigment sample processing and storage were described in Pan et al. (2008) . Pigment samples were analyzed at the Horn Point Laboratory (University of Maryland Center for Environment Science) by reverse-phase high-performance liquid chromatography (HPLC) with a C8 column on the HPLC system equipped with photodiode array detector (Van Heukelem & Thomas, 2001) . The selected primary pigments analyzed in this paper include: total chlorophyll a (TChl_a; the sum of monovinyl Chl_a, divinyl Chl_a, and chlorodide a), total chlorophyll b (TChl_b; the sum of monovinyl Chl_b and divinyl Chl_b), total chlorophyll c (TChl_c; the sum of Chl_c1, Chl_c2, and Chl_c3), carotene (Caro), fucoxanthin (Fuco), peridinin (Perid), zeaxanthin (Zea), alloxanthin (Allo), diadinoxanthin plus diatoxanthin (Dia), 19′-Butanoyloxyfucoxanthin (But-Fuco), and 19′-Hexanoyloxyfucoxanthin (Hex-Fuco). Prasinoxanthin (Pras) was typically below the level of detection for our data set. Total pigment (TPig) is equal to the sum of the above pigments in this paper (Hooker et al., 2005) . Tertiary pigments, such as lutein (Lut), neoxanthin (Neo), and violaxanthin (Viola), were also analyzed. The abbreviations of analyzed pigments are also shown in Table 2 .
Ocean R rs measurements
An in-water high-resolution Profiling Reflectance Radiometer (PRR) manufactured by Biospherical Instruments, Inc. (San Diego, Fig. 1 . Map of the study area within the United States (U.S.) northeast coastal region. Field sampling was conducted in the Gulf of Maine (GoM), New York Bight (NYB) for a series of Ocean Color Validation cruises (OCV), the Southern Middle Atlantic Bight (SMAB) for a series of Bio-physical Interactions in Ocean Margin Ecosystems cruises (BIOME), Chesapeake Bay Plume cruises (CBP), and Chesapeake Bay mouth Hydrological survey (CBH). Locations for data collected by L. Harding, Jr. and colleagues from the University of Maryland (UMD) are also shown. 320, 340, 380, 395, 412, 443, 465, 490, 510, 532, 555, 560, 625, 665, 670, 683, 710 , and 780 nm (each band is 10 nm wide at fullwidth half maximum). Both sampling systems made vertical profiles of the downward irradiance (E d ) and upwelling radiance (L u ), along with simultaneous measurements of the global solar irradiance (E s ). The above-water remote sensing reflectance (R rs ) spectra were determined from these three light fields using a data processor in compliance with the Ocean Optics Protocols established for in situ observations in support of ocean color remote sensing measurements (Mueller & Austin, 1995) . The data processor was evaluated in an international round robin (Hooker et al., 2001) and was found to have uncertainties to within the requirements for calibration and validation activities. A 2nd-order polynomial interpolation was applied to estimate R rs (547) from 532, 555, and 560 nm, while R rs (488) and R rs (667) were assumed equal to their values at 490 and 670 nm. Such deviations were made to match the satellite wavelength bands, e.g. 412, 443, 490, 510, 555, and 670 excluded from our analysis due to its extremely high ratio of nonpigment particle concentration to phytoplankton.
Additional HPLC and AOP data sets
A set of HPLC and R rs data was downloaded from the SeaWiFS Biooptical Archive and Storage System (SeaBASS), which was collected by Dr. Larry Harding's group from the University of Maryland Horn Point Laboratory. The cruises included the Office of Naval Research funded outer shelf cruises (ONR) from 1996 to 1998, which were conducted in the MAB region but excluding those stations inside the Chesapeake and Delaware Bays (Table 1) . R rs spectra were measured at 412, 443, 455, 490, 510, 532, 555, 565, 590, 625, 670, 684 , and 700 nm. Similarly, the R rs (488) and R rs (667) were assumed equal to those at 490 and 670 nm, respectively. R rs (547) was estimated from a 2nd-order polynomial interpolation of R rs (532), R rs (555), and R rs (565) field measurements. In total, data from 196 stations that included both HPLC pigments and R rs measurements were used to develop pigment algorithms, 37 of which from the GoM region, 51 from the NYB region, and 108 from the SMAB region (Table 1) .
In addition, HPLC pigment data collected in the GoM from a series of monthly cruises from 2004 to 2007 and measured by the University of New Hampshire Coastal Ocean Observing Center (UNH) (source from http://www.cooa.unh.edu/data/boats/bottle/) were applied for comparative purposes with our time-series of satellite-derived pigments. The UNH data set was not included in the development of ). The selected cruises were BIOME1 (March) and BIOME2 (July) from the SMAB, OCV2 (November) and OCV3 (July) from the NYB, and GoM1 (April) and GoM3 (June) from the GoM sub-regions, respectively.
pigment algorithms due to the unavailability of R rs field measurements. Furthermore, the UNH data set was not included in the pigment correlation analysis, because the HPLC pigment analysis was accomplished using different methodologies at each institution (Horn Point Laboratory versus the University of New Hampshire). The UNH data set, however, proved useful for evaluating the performance of satellite-derived pigments, especially for the time-series comparisons.
Algorithm development and validations
Similar to the operational TChl_a algorithms, OC4V4 and OC3M (O'Reilly et al., , 2000 , we adapted a set of 3rd-order polynomial functions to develop algorithms for individual pigment concentrations ([Pigment]) from R rs ratios:
Here X = log[R rs (λ 1 )/R rs (λ 2 )], and A i (i = 0, 1, 2, or 3) were derived coefficients for each pigment. The 3rd-order functions provide similar regressions to the 4th-order ones but avoid significant errors when extending our algorithms to much clearer or more turbid waters. The selected λ 1 was 490 nm for SeaWiFS or 488 nm for MODIS-Aqua. The selected λ 2 for SeaWiFS was 555 or 670 nm and, 547 or 667 nm for MODIS-Aqua. Shorter wavelengths (e.g. 412 and 443 nm) were not considered in this study due to their relatively high uncertainty from 
, where a) X = log[R rs (490)/R rs (555)] and b) X = log[R rs (490)/R rs (670)]. The solid lines represent the polynomial curve fits to the data. satellite observations (unpublished data), as also concluded by Antoine et al. (2008) . R rs band ratios based on other wavelengths such as 510 nm and 532 nm, which typically provided similar r 2 to band ratios based on 490 or 488 nm, are not discussed in this paper. The algorithms applied for satellite data analysis were selected based on higher r 2 and lower root mean square error (RMSE; see the definition in next section) from Eq. (1).
Satellite imagery and validation
SeaWiFS and MODIS-Aqua observations of R rs (λ) and [TChl_a] were processed from Level 1 to Level 2 using the SeaWiFS Data Analysis System software (SeaDAS version 5.2.0 and l2gen version 5.8.3). The nighttime sea-surface temperatures (SST4) calculated from MODIS-Aqua short-wave infrared (3.959 and 4.050 μm) observations were obtained to represent bulk water temperatures. The water temperatures represented by SST4 were necessary to derive [Zea] from satellite data (see the detail in Section 3.2). The methods for satellite validation of phytoplankton pigments were described in Mannino et al. (2008) and Pan et al. (2008) following Bailey and Werdell (2006) protocols. Two sets of satellite overpass time windows, 3 and 8 h, were set to allow for inclusion of sufficient data points in the analysis. Since the field data demonstrated that properties within the bays and river mouths were subject to significant variation (even within 30 min) during summer, we excluded those stations from the satellite validation. The mean absolute percent difference (MAPD) and log-transformed root mean square error (RMSE) between the modeled products (C alg ) and field measurements (C field ) were calculated as:
Here N represents the number of samples.
Results
Phytoplankton pigment distribution from field data
The seasonal and regional variation of phytoplankton pigment composition is apparent, as shown in Fig. 2 . TChl_a is the most abundant pigment accounting for 50-62% of total pigment (Fig. 2) . Fuco is commonly used as a pigment biomarker for diatoms in this region (Adolf et al., 2006; Jeffrey et al., 1997) , and is the most abundant carotenoid pigment during all seasons and within all regions (Fig. 2) . The significant decrease of the Fuco fraction from winter-spring to summer (Fig. 2) coincided with the seasonal variation of diatoms in this region. For example, the dominant phytoplankton community shifts from diatoms during winter-spring to a mixture of diatoms, cryptophytes, dinoflagellates, and cyanobacteria during summer in the SMAB (Adolf et al., 2006; Marshall & Cohn, 1983; Marshall et al., 2006) . The significant increase of certain biomarker pigments during summer, such as Zea in the SMAB region, BH-Fuco and Dia in the NYB region, and Perid in the GoM region, implies that cyanobacteria, chrysophytes, and peridinin-containing dinoflagellate blooms may occur during summer in these sub-regions respectively ( Fig. 2; ECOHAB, 1994 ).
Pigment algorithm development
Phytoplankton pigments were separated into three groups for algorithm development based on the correlation coefficients (r) of pigments to TChl_a (Table 3) : Group_A (r ≥ 0.8), Group_B (0.4≤ r b 0.8), and Group_C (r b 0.4). The only exception was Dia whose r =0.85 but was included in Group_B instead of Group_A based on the consideration of phytoplankton species distribution and their relative pigment concentrations, as shown in detail below. Algorithms for pigments whose concentrations were typically very low in this study region and yielded poor relationships, such as But-Fuco, Hex-Fuco, and Pras, were not included in this study. Group_A pigments include TChl_a, TChl_c, Caro, and Fuco, which are relatively abundant in diatoms (Jeffrey et al., 1997) . Although Dia is also abundant in diatoms, it is not included in this group since its relative concentration per TChl_a unit in diatoms is typically much lower than that in other phytoplankton (e.g. dinoflagellates, haptophytes, and chrysophytes) (Mackey et al., 1996; Lewitus et al., 2005) . The algorithm performance for Dia was more similar to Group_B pigments than to Group_A pigments from our data set (data not shown). Except for Caro, the pigments in this group were highly correlated to each other (rN 0.93) ( Table 3 ). Caro was highly correlated to TChl_a (r=0.88) but less correlated to Fuco (r=0.70) and TChl_c (r=0.77), since Caro is much less abundant in diatoms than Fuco and TChl_c (Jeffrey et al., 1997) . Algorithms for Group_A pigments based on the R rs band ratios such as R rs (490)/R rs (555), yielded weaker relationships than R rs (490)/R rs (670). Algorithms based on R rs (490)/R rs (555) were subject to more regional and temporal variation and yielded significant underestimation of Group_A pigments for stations (e.g. from OCV2 cruise) with relatively low percentages of absorption from CDOM (unpublished data) and carotenoid pigments (Fig. 3a) . Algorithms based on R rs (490)/R rs (670) were subject to less variation of water constituents and phytoplankton species composition (Fig. 3b) . The absorption at 490 nm is contributed mostly from CDOM, detrital particles, and carotenoid pigments, while chlorophyll pigments along with water molecules contribute most of the absorption at 670 nm (Bricaud et al., 2007; Pope & Fry, 1997) . Thus, the ratio of R rs (490)/ R rs (670) may provide better information on the relative concentration of chlorophyll and carotenoid pigments. Since the satellite-derived R rs at longer wavelengths (e.g. 670 nm) may contain significant uncertainty (e.g. MAPD=71.4% for match-up comparison for SeaWiFS ±3 h overpass window; also shown in Antoine et al., 2008) , we applied the following method to derive this group of pigments from satellite imagery (C sat ). a). If R 3/5 N 0.15 or R 6 b 0.0001, then C sat = C 3/5 ; b). Otherwise, C sat = max(C 3/5 , C 3/6 ).
Here, R 3/5 and R 6 represent R rs (490)/R rs (555) and R rs (670) for SeaWiFS, or R rs (488)/R rs (547) and R rs (667) for MODIS-Aqua, respectively. C 3/5 and C 3/6 represent the pigment concentrations calculated from the band ratios of R rs (490)/R rs (555) and R rs (490)/R rs (670) for SeaWiFS, or R rs (488)/R rs (547) and R rs (488)/R rs (667) for MODIS-Aqua, respectively. R 3/5 N 0.15 typically represents stations where the waters are relatively clear and the low signal-to-noise ratio typically yields high errors in R rs (670) or R rs (667). Field measurements showed that R rs (670) was seldom b0.0001, occurring only 5 of 196 stations from our data set. R 6 b 0.0001 typically refers to clearer waters or regions where there is an over-correction of the atmospheric contribution to the top-of-the atmospheric radiances measured by the satellite sensors. The algorithms for Group_A pigments are shown in Table 4 .
Group_B pigments include TChl_b, Allo, Perid, Dia, Lut, Neo, and Viola, which are relatively abundant in phytoplankton other than diatoms (Jeffrey et al., 1997) , and whose distribution is not significantly affected by the water temperature (T w ). The algorithm performances for Group_B pigments were not significantly different over the water temperature gradients (e.g. b5, 5-10, 10-15, 15-20, and N20°C) (data not shown). Accessory pigments abundant in green algae (e.g. chlorophytes and prasinophytes), such as TChl_b, Lut, Neo, and Viola, were highly correlated to each other (r = 0.84 to 0.95) ( Table 3 ). The species-specific pigments, such as Allo (which is specific to cryptophytes) and Perid (which is specific to peridinincontaining dinoflagellates), were typically less correlated to other pigments (Table 3 ). The algorithms for these pigments were typically less robust than those for Group_A pigments (Table 4 and Fig. 4) . Unlike the Group_A pigments, algorithms for the Group_B pigments are less subject to regional and temporal variation (Fig. 4) . For this group of pigments, the R rs (490)/R rs (555) or R rs (488)/R rs (547) yielded stronger relationships with TChl_b, Dia, Lut, Neo, and Viola, while the R rs (490)/R rs (670) based algorithms proved better for retrieval of Allo and Perid. Considering the lower accuracy level of R rs (670) or Table 5 Statistical results of satellite validation analyses for match-ups of field measurements with satellite-derived products using our algorithms.
[TChl_a] derived from the operational OC4V4 or OC3M algorithm is also shown for comparative purposes. The slope, y-intercept (y-int.), and r 2 were based on the linear regression (Model II) of log-transformed field and satellite-derived pigment concentrations. (667), we applied the following method to derive this group of pigments from satellite imagery (C sat ). a). C sat = C 3/5 for TChl_b, Dia, Lut, Neo, and Viola; b). If R 3/5 N 0.15 or R 6 b 0.0001, then C sat = C 3/5 for Allo and Perid. Otherwise, C sat = C 3/6 for Allo and Perid.
Group_C pigments include Zea, whose distribution is significantly related to water temperature (T w ). The correlation coefficients for Zea with other pigments were typically low (r = 0.01 to 0.57) ( Table 3) . Zea is a biomarker pigment for cyanobacteria in coastal waters, which are more dominant in tropical and subtropical regions. Zea is also abundant in prochlorophytes, which are seldom found in this coastal region. Our data show that pigments unique to prochlorophytes, divinyl Chl_a (Jeffrey et al., 1997) . Without considering the relationships with water temperature, the relationships of [Zea] with R rs band ratios were relatively poor (Fig. 5a ). We therefore modified X in Eq. (1) as X = log[R rs (λ 1 )/R rs (λ 2 )] − 1.5log(T w ) to develop a better performing algorithm for Zea (Fig. 5b and Table 4 ).
Satellite validation
There were a total of 29 and 55 match-up stations for SeaWiFS ±3 and ±8 h overpass windows, respectively, and 10 and 17 match-up stations for MODIS ±3 and ±8 h overpass windows for all field HPLC pigment measurements (N = 299, Table 2 ). Due to insufficient matchup stations, we included stations used for algorithm development in the satellite validation analysis, whose proportions were 13/29, 17/55, 5/10, and 5/17 for SeaWiFS ±3 and ±8, and MODIS ±3 and ±8 overpass windows, respectively. In terms of algorithm performance, Group_A pigment algorithms yielded better agreements between field measurements of pigments and satellite-derived pigments (Table 5 and Fig. 6 ). The MAPDs and RMSEs for these pigments were 30-38% and 0.19-0.25, respectively, for SeaWiFS within ±3 h satellite overpass time window, as compared to 36-47% and 0.25-0.29 for other pigments except for Allo (55% and 0.43) ( Table 5) . Similar performance trends were also found for the match-up plots of field measurements versus satellite-derived pigments for SeaWiFS ( Table 5 and Fig. 6 ). When the overpass window was extended to ±8 h for SeaWiFS, higher MAPDs and RMSEs were typically found for all pigments as compared to those with ±3 h overpass window (Table 5 and Fig. 6 ). The match-up comparisons for MODIS-Aqua were more difficult due to the limited number of station match-ups (N = 10 and 17 for ±3 and 8 h overpass windows, respectively) and high proportion (N50%) of match-up stations from the highly variable Chesapeake Bay mouth and plume region. Consequently, the matchup comparisons for MODIS-Aqua typically had higher uncertainty than for SeaWiFS, but the algorithm performance was improved for the ±8 h overpass window, presumably due to the inclusion of more stations from outside of the Bay plume region (Table 5 and Fig. 6 ). Our TChl_a algorithms seemed to provide similar performance results to those derived from a regional SMAB database (Pan et al., 2008) , but significantly better performance than the operational TChl_a algorithms (e.g. OC4V4 and OC3M) ( Table 5 ).
Satellite pigment distributions
The seasonal and spatial variation of pigment distributions was clearly shown on satellite-derived pigment distributions (Fig. 7) . Pigment concentrations generally decrease from the inner shelf to outer shelf, and are higher in regions strongly influenced by river discharge (e.g. Chesapeake Bay mouth, Delaware Bay mouth, and Hudson River Estuary) and lower along the boundary with the Gulf Stream (Fig. 7) . Relatively higher pigment concentrations are also found in George's Bank (Fig. 7) , which is relatively shallower and tidally well-mixed, due to the upwelling of nutrient-rich waters that support phytoplankton growth (O'Reilly & Zetlin, 1998) . The riverine outflow is one of the most important factors to stimulate algal blooms in our study region (Acker et al., 2005; Harding et al., 2005; O'Reilly & Zetlin, 1998; Pan et al., 2008 Geological Survey, personal communication, 2007) . The higher pigment concentrations consequently extend from near the Chesapeake Bay mouth region in August to more offshore regions in November, February, and even May (Fig. 7) . The [TChl_a] distribution calculated from the operational TChl_a algorithms (e.g. OC3M) has similar regional and temporal trends (e.g. winter-spring blooms, and effect from river discharge) to satellite distributions derived from our own algorithms (Fig. 7) . The relative percentage of [TChl_a] derived from OC3M normalized to [TChl_a] from our algorithm has a typical value close to 100% (ratio of 1) on the inner shelf, while much higher percentages are found on the outer shelf (Fig. 8 ). Such differences are consistent with the match-up comparisons (Table 5 ) and previous work (Pan et al., 2008; Werdell et al., 2009 ) that demonstrate overestimation of [TChl_a] by the operational algorithms. The distribution of Fuco is generally similar to TChl_a (Fig. 7) , which is consistent with previous studies demonstrating that diatoms are typically the most abundant phytoplankton in this region (Marshall & Cohn, 1983; O'Reilly & Zetlin, 1998) . The distribution of Perid, a pigment unique to peridinin-containing dinoflagellates, is also similar to that of TChl_a (Fig. 7) , because TChl_a is also rich in dinoflagellates (Jeffrey et al., 1997) and Perid was partly correlated to TChl_a in this region (r =0.48, Table 3 ). As indicated from Table 3 , the major pigments were all positively correlated to each other, suggesting the occurrence of mixed phytoplankton populations. As a biomarker pigment to cyanobacteria in coastal waters, whose distribution is significantly affected by water temperature (Jeffrey et al., 1997; Reynolds & Walsby, 1975) , [Zea] is typically much lower during winter than during summer. Higher [Zea] is more commonly found in the southern region during summer (Fig. 7) . Relative to [TChl_a] , the percentage of [Fuco] typically decreases from high-pigment region to low-pigment region and from winter-spring to summer, while [Perid] and [Zea] have the opposite trends (Fig. 8) . Such seasonal and spatial trends of relative pigment percentages imply a seasonal shift in the phytoplankton community, and are consistent with field measurements (Fig. 2) . Blooms of larger-sized diatoms typically occur during winter-spring and in the plume region (O'Reilly & Zetlin, 1998) , which results in higher percentages of pigments abundant in diatoms (e.g. Fuco) that can be estimated from satellite data (Fig. 8) . As grazing pressure increases and the river discharge rates decrease from winter-spring to summer, the dominant diatom community during winter-spring is succeeded by mixed phytoplankton populations of diatoms, cryptophytes, dinoflagellates, haptophytes, and cyanobacteria during summer (Adolf et al., 2006; Marshall & Cohn, 1983) . The relative percentages of pigments found in other phytoplankton, such as Zea in cyanobacteria and Perid in peridinin-containing dinoflagellates, may increase from winter-spring to summer and from the inner shelf to outer shelf (Fig. 8) . Although we only showed pigment distributions for TChl_a, Fuco, Perid, and Zea, distributions of other pigments, such as TChl_b and Allo, also demonstrated the seasonal and spatial variation of other phytoplankton groups (e.g. prasinophytes and cryptophytes).
Time-series analysis of pigment concentrations
Satellite ocean color time-series analysis of phytoplankton pigment distributions was conducted to demonstrate the spatial and temporal variations of phytoplankton taxa. In the region influenced by the riverine discharge (e.g. the Chesapeake Bay plume region), differences in phytoplankton pigments between the inner shelf and outer shelf were noticeable, while the seasonal variation was less apparent on the inner shelf than on the outer shelf due to shallow bathymetry conditions and proximity to the bay mouth on the inner shelf (Figs. 7 and 9, and Table 6 ). For example, the yearly mean (Table 6 ). In the semi-enclosed GoM, the difference between the inner shelf and outer shelf was less apparent than that in the SMAB, but the seasonal variation was more noticeable (Figs. 7 and 10, and Table 6 (Table 6) . Except for Zea, the spatial and seasonal variations of accessory pigments were somewhat similar to that for TChl_a, indicating the occurrence of mixed phytoplankton populations (Figs. 7, 9 , and 10 and Table 6 ). Zea was subject to strong seasonal variability rather than spatial differences possibly due to the capability of cyanobacteria to fix nitrogen and the relatively rich supply of phosphonates in this region (Adolf et al., 2006; Dyhrman et al., 2006) (Figs. 7, 9 , 10 and Table 6 ). The performance of satellitederived phytoplankton pigments was evaluated with available field measurements from the Gulf of Maine (source from University of New Hampshire Coastal Ocean Observing Center; website http://www. cooa.unh.edu/data/boats/bottle/). The satellite pigment products show generally good agreement with the available field measurements in the GoM (Fig. 10) . For example, the MAPD and RMSE for [TChl_a] at the inner shelf station (WB2) were 57.4% and 0.237 
Application and discussion
Algorithm development
Bio-optical theory states that R rs is related to backscattering and absorption from the contribution of pure water, phytoplankton, detritus, and CDOM (Kirk, 1994; Mobley, 1994) . The more robust empirical algorithms for phytoplankton pigments may occur in an environment where phytoplankton provide the greatest contribution to R rs and where phytoplankton community composition is less variable. This is not the case for our study region. In the SMAB region, for example, CDOM absorption can be significantly greater than phytoplankton absorption at shorter wavelengths, while resuspended matter can also be significant, particularly within the inner shelf region Pan et al., 2008) . Semi-analytic (SA) models, such as GSM01 (Garver & Siegel, 1997; Maritorena et al., 2002) , may provide a possible solution to derive phytoplankton absorption, from which pigments may be derived. However, SA models typically assume constant specific ratios relative to a reference wavelength for constituent absorption and backscattering (Maritorena et al., 2002) . Such an assumption may become inappropriate in optically complex coastal waters, which in turn augments the difficulty in deriving phytoplankton absorption from satellite ocean color sensors. Even if the derivations of phytoplankton absorption spectra are reasonable, the inversion to pigment concentrations may still be difficult. Pigments categorized within the same group, such as Perid and Fuco from the photosynthetic carotenoid pigments (PSC), have similar absorption spectra (Bricaud et al., 2007) , which complicates our capability to distinguish the less abundant pigment (e.g. Perid in this region) from a more abundant pigment (e.g. Fuco in this region). Additional information of phytoplankton absorption spectra beyond what can be retrieved with the current limited set of satellite bands from SeaWiFS and MODIS-Aqua (N = 6 to 7 visible bands) is required to separate pigments with similar absorption spectra. Although our empirical algorithms can be improved further with larger datasets, at present these algorithms provide a possible solution to improving estimates of other variables such as primary production and phytoplankton biodiversity. An obvious concern for our empirical algorithms is that pigment concentrations are derived from a limited set of R rs bands (N = 2 or 3), which are partly dependent upon each other. Such a problem can be overcome by future satellite sensors with a much larger set of bands, e.g. by adding more bands between 460 and 580 nm where absorption from Chl_a is weak but strong for accessory pigments.
Phytoplankton community composition and algal population monitoring
Knowledge of pigment concentration and composition has proven suitable to the study of phytoplankton community composition through chemotaxonomic analysis such as the CHEMTAX program (Mackey et al., 1996) and cell size estimations (Vidussi et al., 2001) . As shown in Figs. 7 and 8, the distribution of biomarker pigments (e.g. Zea) typically coincided with the seasonal and spatial variation of the phytoplankton community. Marine phytoplankton biodiversity is typically a unimodal function of biomass (Irigoien et al., 2004) . A high level of biomass (as indicated by [TChl_a] ) during winter-spring typically implies a low level of biodiversity dominated by diatoms. Therefore, although pigments other than TChl_a, such as Perid, may also be relatively abundant in spring (Figs. 7-10 ), diatoms and not dinoflagellates typically dominate during winter-spring. In other words, other phytoplankton taxa with lower densities are obscured by abundant populations of diatoms during winter-spring. Intermediate levels of phytoplankton biomass during summer typically imply a high level of biodiversity with a mixture of diatoms, dinoflagellates, golden-brown algae (cryptophytes and hyptophytes), cyanobacteria, etc. (Adolf et al., 2006; Irigoien et al., 2004; Marshall & Cohn, 1983) . High levels of accessory pigments under such conditions suggest nondiatom algal taxa. For example, high levels of [Zea] during summer (Figs. 9 and 10) suggest the presence of abundant cyanobacteria populations. Cyanobacteria blooms are stimulated by water temperatures greater than 20°C (Jeffrey et al., 1997; Reynolds & Walsby, 1975) . Under such conditions, nutrient upwelling of cold water from below the surface mixed-layer is typically restricted. The higher efficiency of nutrient utilization due to their small size (b2 μm and thus higher surface-to-volume ratio) and the capability to fix nitrogen in certain species of cyanobacteria, permits cyanobacteria to grow faster than other phytoplankton species in warmer, nutrient-poor waters (Sellner, 1997) .
The direct relationship of phytoplankton pigments to phytoplankton cell counts, however, must be applied with caution, even for taxaunique pigments. The cellular pigment concentration for certain taxa may be significantly different at various locations, different seasons, and even different growth phases. For example, cellular pigment concentrations are typically higher for cultures grown under a low light environment than for cultures grown under high light environment, but vary because of the effects of species-dependent growth phases, pigment composition, and growth irradiance (Johnsen et al., 1994; Lewitus et al., 2005) . Lower light conditions occur more frequently within the surface mixed-layer on the inner shelf than outer shelf and during winter-spring than during summer, due to light attenuation from absorbing constituents including CDOM, detritus, sediments and phytoplankton Pan et al., 2008) . Therefore, it is reasonable to consider that the cellular pigment concentration is higher during winter-spring than during summer, and higher on the inner shelf than on the outer shelf. For example, cellular [Perid] during spring and fall (lower light environment) may be 2-5 times of that during summer (higher light environment) (Johnsen et al., 1994) . That may explain partly why higher [Perid] may occur during spring (e.g. April) and fall (e.g. October) in the western GoM, but higher dinoflagellate cell counts are typically observed in early summer (e.g. May) (Anderson et al., 2005) .
Many photosynthetic dinoflagellate species (e.g. Karenia brevis, K. mikimotoi, and Karlodinium micrum) contain Fuco, But-Fuco, and/or Hex-Fuco as accessory pigment rather than Perid (Hackett et al., 2004; Jeffrey et al., 1997) . For example, gyroxanthin-diester, an accessory pigment that indicates fucoxanthin-containing dinoflagellates (e.g. Gymnodinium breve), was observed in the Delaware plume region during summer (BIOME4 cruise; unpublished data), and the upper range of this pigment of 0.05 mg m − 3 suggests the presence of roughly 10 5 cells per liter of fucoxanthin-containing dinoflagellates (Millie et al., 1997) . Marshall et al. (2006) also showed that Gymnodinium spp. was one of the dominant dinoflagellates in the lower Chesapeake Bay in both spring and summer. Therefore, detailed analyses of phytoplankton community composition and remote sensing of algal populations should rely on the complete analyses of HPLC pigments (e.g. CHEMTAX program), cell counts, and in situ radiometric data, along with knowledge of phytoplankton physiology.
Conclusions
Our empirical algorithms demonstrated relatively successful satellite retrievals of phytoplankton pigments within a reasonable agreement (e.g. ±35% of uncertainty), with better agreement for pigments abundant in diatoms. Significant improvements for our TChl_a algorithms were also found as compared to the operational OC4V4 and OC3M algorithms. The satellite images demonstrate that higher densities of diatoms (as indicated by TChl_a and Fuco concentrations) occur more prevalently on the inner shelf during winter-spring and fall when there is a sufficient supply of nutrients from riverine discharge. Although other accessory pigments (e.g. Perid) may be relatively high during these periods, the presence of peridinin-containing dinoflagellates may be obscured by the large populations of diatoms. The fraction of [Fuco] decreased during summer, while the fractions from other accessory pigments increased, indicating seasonal shifts in phytoplankton community composition. Higher densities of cyanobacteria (as indicated by [Zea] ) may occur during summer, and more commonly in the southern area of our study region where warmer water temperatures are found. The direct link between phytoplankton pigments and cell counts is complicated due to differences in cellular pigment concentrations, light environment, growth stage, and species differences. Successful retrievals of phytoplankton pigments can be applied to improve our knowledge of phytoplankton biodiversity, algal bloom monitoring, and primary production.
